The strictly anaerobic metabolism of sugar in strains of Streptococcus mutans and Streptococcus sanguis was studied because deep layers of dental plaque are strictly anaerobic. Galactose-grown cells of these streptococcal strains had higher pyruvate formate-lyase activity than did glucose-grown cells. Among these strains, two strains of S. mutans had a significantly higher pyruvate formate-lyase activity than did the others. This enzyme is extremely sensitive to oxygen, and even in situ the enzyme was inactivated by exposure of the cells to air. Lactate was less than 50% of the total end product of the strictly anaerobic incubation of the galactose-grown cells of S. mutans with excess glucose, and a significant amount of formate, acetate, and ethanol was produced through the catalysis of pyruvate formate-lyase. But the cells exclusively produced lactate when exposed to air for 2 min before the anaerobic incubation. The metabolism of sorbitol by S. mutans was seriously impaired by the exposure of the cells to oxygen, and the metabolic rate was reduced to less than 1/20 of that found under strictly anaerobic conditions because of the inactivation of pyruvate formate-lyase. S. sanguis produced a smaller amount of the volatile products from glucose than did S. mutans because of the low level of pyruvate formate-lyase. However, the pyruvate formate-lyase in situ in S. sanguis was less sensitive to oxygen than was that in S. mutans. Because of this low sensitivity, S. sanguis metabolized glucose more rapidly under aerobic conditions, whereas the rates of the aerobic and anaerobic metabolism of glucose by S. mutans were similar, which suggests that S. mutans rather than S. sanguis can sustain the rapid sugar metabolism in the deep layers of dental plaque.
The acids generated through the fermentation of sugar by the microorganisms in dental plaque can decalcify the superficial layers of tooth enamel and can initiate dental caries. Since streptococci are major acidogenic agents in dental plaque, the regulation of the acid production by streptococci has attracted considerable attention in connection with the initiation of dental caries.
The redox potential in dental plaque falls during the development of dental plaque on a clean enamel surface, and the deep layers of dental plaque are highly anaerobic (15) . It is also quite clear that the acid produced in these layers is directly involved in the initiation of dental caries. Abbe et al. (1) , have reported that under strictly anaerobic conditions Streptococcus mutans produces a significant amount of formate, acetate, and ethanol as well as lactate, even in the presence of excess glucose, and that the regulation of pyruvate formate-lyase (formate acetyltransferase, EC 2.3.1.54), as well as that of lactate dehydrogenase (EC 1.1.1.27) (24, 25) , plays a central role in the shift of the fermentation pattern of S. mutans. Pyruvate formate-lyase is, however, extremely sensitive to oxygen, and this enzyme in situ is inactivated and S. mutans produces exclusively lactate when the intact cells are exposed to air for 2 min (1) .
Because Streptococcus sanguis is one of the predominant inhabitants in the deep layers of dental plaque, the production of acid during the metabolism of sugars under anaerobic conditions is of considerable interest.
In the present study, the strictly anaerobic metabolism of sugar by S. mutans and S. sanguis is studied, and the effect MgCl2 and were incubated for 30 (12) . Reactions were started by the addition of cell suspension and were run at 35°C for 20 min.
It was confirmed in advance that the pH in the reaction mixtures was not changed during the 20-min incubation under these experimental conditions. Not more than onethird of the glucose added was consumed during the incubation. The reaction was stopped by the addition of 1.2 ml of 6.6 N perchloric acid. The mixture was then kept at 4°C for 20 min and neutralized in air with potassium carbonate at 0°C. The resultant precipitate was removed by centrifugation, and the supernatant fluid was stored in air at -200C until the end products were assayed.
All of these experiments were carried out two or more times, and all of the results were reproducible.
Analysis of end products. L-Lactate was estimated with L-lactate dehydrogenase (rabbit muscle; Boehringer Mannheim GmbH, Mannheim, Federal Republic of Germany) (10) , and formate was estimated with formate dehydrogenase (Pseudomonas oxalaticus; EC 1.2.1.2; Sigma Chemical Co., St. Louis, Mo.) as described by Quayle (21) . Acetate and ethanol were determined by a gas chromatography with a hydrogen flame detector as described previously (24) . These analyses were carried out in air.
Preparation of cell-free extract and assays of enzymatic activities. The frozen cell paste was thawed and suspended in 40 mM potassium phosphate buffer (pH 6.8) and 20 mM dithiothreitol. The cells were disrupted by sonic oscillation (200 W, 2 A) for 10 min with ice-cold water circulating around the sonication cup, and the cell debris was removed by centrifugation at 17,500 x g for 30 min at 4°C. The supernatant fluid was designated cell-free extract. To carry out all of these sets of procedures under anaerobic conditions, the sonication cups and the centrifuge tubes were tightly stoppered in an anaerobic glove box before their removal from the box, and after the sonication or the centrifugation, the cups and the tubes were returned and unstoppered in the box. Before use, the tightness of the cup and tube stoppers was carefully checked by using methylviologen solution as an indicator.
The protein concentration in the cell-free extract was estimated in air by the biuret method (17) .
The activities of lactate dehydrogenase and pyruvate formate-lyase were estimated spectrophotometrically by recording the change in absorption at 340 nm at 350C. The assay system of lactate dehydrogenase contained 20 mM sodium pyruvate, 0.24 mM NADH, 0.5 mM fructose 1,6-bisphosphate, and cell-free extract in 50 mM morpholine propanesulfonic acid-NaOH buffer (pH 6.8) (24) . The assay mixture of pyruvate formate-lyase contained 20 mM sodium pyruvate, 0.08 mM coenzyme A, 1 mM NAD, 6 mM sodium DL-malate, 2 mM dithiothreitol, 1.1 U of citrate synthase (pig heart, EC 4.1.3.7) per ml, 22 U of malate dehydrogenase (pig heart, EC 1.1.1.37) per ml, and cell-free extract in 100 mM potassium phosphate buffer (pH 7.6) (22) . Each enzymatic activity was assayed with a double-beam spectrophotometer (Hitachi model 100-50, Hitachi Ltd., Tokyo, Japan) which was placed in the type NH anaerobic glove box. The electric signals from the spectrophotometer were transferred to a recorder outside the anaerobic glove box. The anaerobic storage of the cells at -20°C for a week had little effect on the specific activities of these enzymes in the cell-free extract.
NADH oxidase activity was assayed in air by recording the change in absorption at 340 nm as described by Carlsson et al. (7) .
RESULTS
Pyruvate formate-lyase and lactate dehydrogenase of oral streptococci grown on glucose or galactose under strictly anaerobic conditions. All of the strains except S. mutans JH-145 had both pyruvate formate-lyase and lactate dehydrogenase (Table 1) . Strain JH-145 had no lactate dehydrogenase activity as reported by Johnson and Hillman (13) . Most streptococcal strains had more pyruvate formate-lyase and less lactate dehydrogenase when grown on galactose than on glucose. The lactate dehydrogenases of all these streptococci were dependent on fructose 1,6-bisphosphate for activity (data not shown), as were those of other strains of streptococci (4, 23, 24 The galactose-grown cells of both S. mutans and S. sanguis produced more formate, acetate, and ethanol from glucose than did the glucose-grown cells ( Table 2 ). The molar ratio of these products, formate, acetate, and ethanol, was also 2:1:1. This difference between the products of the cells grown on galactose and on glucose could be ascribed to the difference in the levels of pyruvate formate-lyase in these cells (Table 1) . .8]) in a 100-mI Erlenmeyer flask was removed from the anaerobic glove box, shaken for 2 min in air, and returned to the anaerobic glove box through the entry box, where the air was removed with a vacuum four times. The cell suspension was then incubated with sugar under strictly anaerobic conditions. Reactions were also run in air (aerobic). Other experimental conditions are described in the text.
Effect of oxygen on the metabolism of sorbitol by S. mutans. Under strictly anaerobic conditions, S. mutans NCTC 10449 fermented sorbitol to produce large amounts of formate and ethanol in addition to small amounts of lactate and acetate (Fig. 3) . The observation that the number of moles of formate produced was equal to that of the moles of ethanol plus acetate suggests that these products were also synthesized in the cells through the catalysis of pyruvate formatelyase. The anaerobically grown cells fermented only a small amount of sorbitol under aerobic conditions and produced a small amount of lactate but none of the volatile products. The amount of lactate produced was similar to that produced during the strictly anaerobic fermentation. Exposing the cells to air for only 2 min seriously impaired the anaerobic metabolism of sorbitol, and only a trace amount of a fermentation product (lactate) was detected. This exposure of the cells to air did not seriously impair glucose metabolism by S. mutans NCTC 10449, but it shifted end products greatly. Lactate was exclusively produced, presumably because of the inactivation of the pyruvate formate-lyase in the cells.
Neither strain NCTC 10904 nor ATCC 10556 of S. sanguis grew on sorbitol, and neither the galactose-nor the glucosegrown cells of these strains fermented sorbitol even under strictly anaerobic conditions. Difference in the sensitivity of pyruvate formate-lyase in situ in the cells of S. mutans and S. sanguis. When the glucose-or galactose-grown cells of S. mutans NCIB 11723 were incubated with a higher concentration of oxygen, smaller amounts of formate, acetate, and ethanol were produced from glucose (Table 2) . Similarly, the production of these volatile products by strain BHT-2 of S. mutans was reduced by exposing the cells to air ( Fig. 1) , and the levels of The pyruvate formate-lyase in the cell-free extract of S. mutans NCIB 11723 and S. sanguis NCTC 10904 was studied for its sensitivity to oxygen. The time courses of the inactivation at a low concentration of oxygen were the same for the enzyme from S. mutans and that from S. sanguis (Fig. 4) . Therefore, the difference in oxygen-sensitivity between these enzymes in situ in the cells of S. mutans and S. sanguis did not seem to stem from the difference in the sensitivity of these enzymes themselves.
Since the rate of oxygen-uptake by streptococci is correlated with the level of the NADH oxidase activity (7), the NADH oxidase activity in the cell-free extract of the anaerobically grown cells of S. mutans NCIB 11723 and S. sanguis NCTC 10904 was estimated. There was no significant difference in the specific activity of NADH oxidase in the cell-free extract of these cells (0.018 and 0.004 U/mg of protein, respectively). Thus, the difference in the sensitivity of the enzymes to oxygen was not ascribed to the difference in the capacity of the cells to consume oxygen.
Glucose fermentation of the lactate dehydrogenase-deficient strain, S. mutans JH-145, and its parent strain, S. mutans BHT-2. As reported by Hillman (11) , strain JH-145 of S. mutans lacked lactate dehydrogenase, but this strain had pyruvate formate-lyase activity (Table 1) . Under strictly anaerobic conditions, the galactose-grown cells of S. mutans BHT-2 fermented glucose into formate, acetate, and ethanol in addition to a large amount of lactate. The galactose-grown cells of strain JH-145 produced larger amounts of formate, acetate, and ethanol than did the cells of strain BHT-2, but no lactate was produced by strain JH-145 (Table 3 ). The molar ratio of formate, acetate, and ethanol was 2:1:1, suggesting the involvement of pyruvate formate-lyase for their synthesis. Under aerobic conditions strain BHT-2, like the other strains of S. mutans, fermented glucose to lactate exclusively, whereas strain JH-145 hardly metabolized glucose under aerobic conditions (Table 3 ). The pyruvate formate-lyase was considered to be the sole enzyme involved in the conversion of pyruvate into end products in the metabolism of sugar by strain JH-145.
DISCUSSION
The level of pyruvate formate-lyase largely affected the fermentation end products of the strictly anaerobic metabolism of sugar by oral streptococci in the presence of excess sugar. Under strictly anaerobic conditions, strains of S. mutans, which had high levels of pyruvate formate-lyase, produced more formate, acetate, and ethanol than did strains of S. sanguis or the other strains of S. mutans with lower levels of this enzyme (Tables 1 and 2; Fig. 1 ). The glucosegrown cells of streptococci, which had a lower level of pyruvate formate-lyase than the galactose-grown cells (Table 1), produced less volatile products than did the galactose-grown cells (Table 2) . Moreover, when pyruvate formate-lyase was inactivated by the exposure of the cells of S. mutans to air (see above), the end products were mostly lactate ( Table 2 ; Fig. 1 and 3) .
The pyruvate formate-lyase of S. mutans was especially sensitive to oxygen even in the intact cells. The 2-min exposure of the cells to air inactivated pyruvate formatelyase, and sorbitol was hardly metabolized (Fig. 3) . Pyruvate formate-lyase is essential for the anaerobic metabolism of sorbitol because 1 mol more of NAD per mol or sorbitol metabolized must be regenerated by the reduction of acetylcoenzyme A into acetaldehyde and ethanol (1) . Under aerobic conditions NAD could be regenerated by NADH oxidase, and so some lactate could be produced (Fig. 3) . The metabolism of mannitol is also greatly impaired by exposure of the cells of S. mutans to air (1). Thus, it seems important to keep the cells under strictly anaerobic conditions during the whole experimental procedure when the acidogenicity of sugar alcohols is studied.
Pyruvate formate-lyase in situ in the cells of S. sanguis was less sensitive to oxygen than that in the cells of S. mutans, so that the amounts of formate, acetate, and ethanol produced were the same whether the cells of S. sanguis were exposed to air or not ( Table 2 ; Fig. 1 ). This different sensitivity between S. mutans and S. sanguis was not, however, ascribed to the difference in the sensitivity of the pyruvate formate-lyase itself, because the in vitro sensitivity of the pyruvate formate-lyase of S. sanguis to oxygen was similar to that of the pyruvate formate-lyase of S. mutans (Fig. 4) . But, S. sanguis retained a significantly high activity of pyruvate formate-lyase during the glucose metabolism even in the presence of oxygen, whereas S. mutans did not (see above). Cells of S. sanguis may possess some mechanism which prevents oxygen from inactivating pyruvate formate-lyase, but this mechanism has not been elucidated in this study.
Under strictly anaerobic conditions, the total amount of acid produced by the lactate dehydrogenase-deficient mutant (JH-145) of S. mutans was similar to that produced by its parent strain, BHT-2, whereas very little acid was produced by the mutant strain under aerobic conditions (Table  3) . Hillman (11) reports that lactate dehydrogenase-deficient mutants of S. mutans produce less titratable acid from glucose, but it was suspected that the mutants produced less acid because the reactions were run under aerobic conditions, and pyruvate formate-lyase had already been inactivated in his study.
Because of the high level of pyruvate formate-lyase, some strains of S. mutans rapidly metabolized glucose under anaerobic conditions as well as under aerobic conditions. On the other hand, S. sanguis cells could metabolize glucose more efficiently under aerobic conditions than under anaerobic conditions because of the low level of pyruvate formate-lyase and its low sensitivity to oxygen (Table 2 ; Fig. 1 ).
Since the deep layers of mature dental plaque are highly anaerobic (9, 14, 15) , these strains of S. mutans were expected to sustain the rapid production of acids in the anaerobic, deep layers of dental plaque, and S. sanguis was expected to produce acids more rapidly in the aerobic, superficial layers. This may be one of the reasons why S. sanguis is one of the first microorganisms which colonize on teeth (6) . The rapid production of acid by S. mutans under strictly anaerobic conditions may confer a high cariogenic potential on these strains of S. mutans, since the acids produced in the deep layers of dental plaque are directly involved in the initiation and progression of dental caries.
